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Abstract 
This paper presents the development of single step processes and their integration into a baseline for the lab scale 
manufacturing of high efficiency IBC cells. The main processes evaluated include cleaning, oxidation, boron and 
phosphorous doping. Three different cleaning treatments, combined with the optimization of thermal oxidation, have 
been studied. Lifetime values up to 8 ms at an injection level of 1.1015 cm-3 have been achieved on 280 Pm, n-Si FZ 
wafers with a base resistivity of 1.9 :.cm. Boron diffusion is evaluated starting from a boron-doped SiOx CVD layer 
and compared to the diffusion from a BBr3 source. Both doping processes enable J0 values as low as 10 fA/cm2 with 
a thermal silicon oxide passivation. We present the evolution of the integration runs as a result from the introduction 
of the improved steps. With the latest improvements, IV characteristics progressed from efficiencies ~20% up to 
23.3% (calibrated IV values: 696 mV, 41.6 mA/cm2, FF= 80.4% with an efficiency of 23.3%). 
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Introduction 
The fabrication of high efficiency silicon solar cells under a well controlled laboratory environment 
enables the manufacturing of devices where a better understanding of the physical effects governing the 
cells can be reached. They also represent a vehicle where not only characterization and modeling 
techniques can be improved, but also alternative technologies can be tested. The reduction in the power 
losses corresponding to each step and the excellent control over the cell processing, enables a better 
isolation of single process steps.  
Consequently, imec started setting a high efficiency baseline for small area Interdigitated Back Contact 
(IBC) cells with over 22% efficiency over 2 years ago. This paper is divided in two parts. First, we 
introduce the process development. Here, we present the improvements of single key processes, which 
were then applied in the integration runs: oxidation, boron doping for emitters and phosphorous doping 
for FSF. Finally, we present the evolution of the integration experiments, which resulted in the 
establishment of a baseline for the manufacturing of 4 cm2 Interdigitated Back Contact (IBC) silicon solar 
cells yielding 23% efficiency.   
1. Process Development 
  
Given that the electrical contacts on IBC cells are placed at the rear-side of the device, and that the 
major part of the carrier generation occurs close to the front, high efficiencies can only be reached if 
excellent diffusion lengths are available. In order to achieve this, there are several requirements to be 
taken into account:  
x Use of high quality material. An evaluation of the impact of different bulk lifetimes on 
resulting cell efficiency depending on the J0 losses has been presented by Cousins [1].  
x The achievement of an excellent surface passivation both on the front and the rear.  
x The use of thinner substrates is also beneficial, since this reduces the distance that carriers 
need to travel from front to back for collection.  
In this work, we focus on improving the surface passivation by thermal oxidation and doping for the 
emitter and FSF, in order to minimize recombination losses.  
1.1. POCl3 diffusion for the Front Surface Field  
It has already been shown how the use of a front surface field (FSF) can be beneficial for IBC cells [2]. 
In the search towards an interesting FSF process, different recipes were tested for the POCl3 diffusion. 
The main goal is to create a strong potential barrier to prevent the surface recombination of minority 
carriers generated in the bulk, as well as to reduce the FSF Jo by reducing the surface doping 
concentration and depth, while still keeping a homogeneous surface doping. Starting from a reference 
profile, which had an Rsheet = 250 :/sq, some ideas evaluated here for the reduction of the total doping 
concentration include the application of a thin barrier before diffusion, the dilution of the POCl3 gas or 
the use of an oxidizing atmosphere.  
 
Experimental  
Symmetrical samples have been prepared on 280 Pm thick, FZ p-Si wafers with a base resistivity of 
2.88 :.cm for the Rsheet characterization and Secondary Ion Mass Spectroscopy (SIMS) measurements 
with a CAMECA SC-Ultra tool. FZ, n-Si wafers with a base resistivity of 1.9 :.cm, and a thickness of 
280 Pm were used for Jo measurements.  
The n-Si wafers were textured on both sides in an alkaline solution to form random pyramids. Then all 
wafers were cleaned and diffused in a POCl3 tube furnace with different processes. After diffusion, the 
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PSG was removed.  The wafers were oxidized to form a thin oxide layer and annealed in forming gas. 
The oxide was removed from the p-Si wafers for the Rsheet measurement with a 4 point probe from Veeco 
and the SIMS profiles were characterized.  
 
 
 
The resulting SIMS profiles are shown on Fig 
1. The corresponding Rsheet with their standard 
deviation are presented on Fig 2. The saturation 
current densities obtained for each profile are 
presented on Fig. 3. 
 The first test (T1), which was applied in the 
first IBC run, delivered too high doping 
concentrations, and a very high J0 ~100 fA/cm2. A 
second test (T2) delivered an Rsheet ~250 :/sq. 
This recipe was used as a starting point for 
process optimization. Fig. 3 shows that all these 
paths can be applied to reach an interesting FSF 
process for IBC integration, with J0 values below 
13 fA/cm2.   
 
 
 
1.2. Boron diffusion for the p+ emitter formation 
Two different boron diffusion processes are evaluated. The first uses a CVD layer as a source for the 
boron diffusion and the second uses a BBr3 gas. Both emitters are diffused in a tube furnace. 
 
Experimental 
 Symmetrical samples have been prepared on 280 Pm thick, FZ n-Si wafers with a base resistivity of 
1.9 :.cm for the emitter characterization. The junction profile is characterized by SIMS. QSS-PC 
  
Fig. 1.  SIMS profiles for Phosphor diffused layers for a FSF 
application on IBC cells Fig. 2.  Rsheet values corresponding to each n+ doping process 
 
Fig. 3.  J0 values corresponding to the FSF profiles presented on 
Fig. 1 and 2 
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measurements performed in a BT-imaging tool are used for the calculation of the saturation current 
density (Jo) at high injection ('n ≥ 2.10.16cm-3). A four-point probe tool from Veeco is used for the sheet 
resistance (Rsheet) characterization. 
 
Boron doping from a CVD source  
This process was used by Sinton and King 
[3,4]. It is as follows: An oxide stack is 
deposited by CVD on top of a silicon wafer. The 
bottom oxide is doped with boron. After 
cleaning, the wafers are diffused in a tube 
furnace under an N2 atmosphere at temperatures 
ranging from 950qC to 1050qC. Then, a thermal 
oxidation is performed for further drive-in of the 
dopants and the formation of a high quality 
surface passivation.  
The boron concentration in the doped oxide 
and the drive-in temperature were tuned to 
evaluate their impact on the junction formation. 
SIMS measurements of some of the doping 
profiles obtained through this process are 
presented on Fig. 4. 
The surface doping concentration of the boron emitter can be adjusted either by changing the boron 
concentration in the SiOx CVD source or by adapting the temperature profile during diffusion. Rsheet 
values between 10 :/sq to around 100 :/sq were achieved with this process. If the concentration of the 
boron gas is too high (over 25%) cracks are formed on the oxide layer after thermal treatment. A surface 
doping concentration ranging from 1.1019 to 9.1020 cm-3 is achieved with this technique. 
Boron doping from a BBr3 source 
Boron diffusion from a tube using a BBr3 gas source was also tested. The results are comparable with 
the CVD process. The passivation is also achieved by a thermal silicon oxide. Rsheet values between 50 
and 120 :/sq were obtained. Examples of the boron profiles measured by SIMS are presented in Fig. 5.  
 
  
Fig. 4. SIMS profiles for boron diffused layers from a CVD 
Boron doped SiO2 source 
Fig. 5. SIMS profiles for boron diffused layers from a BBr3 
source in a tube furnace 
 
Fig. 6. J0 evaluation of boron emitters diffused from a CVD source 
and a BBr3 source compared to literature data [4,5] 
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Passivation  
Figure 6 shows the J0 values measured at high injection for three passivation schemes: SiO2, AlOx and 
without passivation for the CVD source process as well as the SiO2 passivated emitters from a BBr3 
source. This data is compared to the literature values presented by R. King for boron emitters from a 
CVD source passivated with thermal silicon oxide [4]*and with the data from B. Hoex for boron emitters 
from a BBr3 source passivated by AlOx [5]. Saturation current densities as low as 13.4 fA/cm2 are reached 
for a 92 :/sq emitter from the CVD source, while J0 between 8 and 15 fA/cm2 are achieved for the 
emitters from the BBr3 source. 
 
Both doping techniques have their advantages and drawbacks. One of the main advantages of the use 
of a CVD source is that it enables single side doping and patterning before diffusion, which could be 
beneficial in the reduction of high temperature steps. This process is also compatible with a deposition 
and drive-in in an in-line conveyor belt. Excellent control over the doping gasses and the processing 
temperature over the wafer surface are required, since they strongly affect the stoichiometry of the 
deposited oxide and thus the doping profile. In case of the BBr3 source for tube diffusion, excellent 
control over the processing environment is provided and the wafers can be processed in batch. 
2. Integration  
In this section, we will show how the optimization of the single process steps results in the progression 
of the characteristics of our Interdigitated Back Contact (IBC) cells.  
 
Experimental:  
IBC Silicon solar cells were fabricated on 1.9 :cm, 280 Pm thick, FZ, n-Si material. Figure 7 shows a 
cross-section schema of the cells. The active area is 4 cm2. The wafers are thinned down to 160 - 180 Pm, 
depending on the run. The front texture consists of random pyramids (RP). Different alkaline texturing 
processes have been evaluated: KOH-based texuring (Run 1 and 2) vs TMAH-based texturing (Run 3) 
[6]. The p+ emitter is formed on the rear by boron diffusion, either from the CVD source (Run 1) or by 
BBr3 diffusion (Run 2, Run 3). The back surface field is formed by POCl3 diffusion. Then, the FSF is 
formed on the front. After a short oxidation step to form a thin oxide, the ARC deposition is performed, 
either by evaporation of a ZnS/MgF2 layer (Run 1) or PECVD of a SiNx layer (Run 2, Run 3). The rear-
side is structured by lithography, opening small contact holes on the passivating oxide. The rear 
metallization consists on a thin sputtered layer of 1% AlSi. Contact isolation is performed by 
photolithography and metal etch-back. Finally, the cells are treated with a Forming Gas anneal (FGA) to 
improve the contact quality and surface passivation.  
A solar simulator is used for light IV measurements; 
while Suns_Voc  measurements provide the pseudoFF. 
A shadow mask with an aperture of 3.97 cm2 is used 
for both measurements, the busbars of the cell are 
excluded. The internal quantum efficiency (IQE) is 
calculated from the spectral response and the reflection 
measurements. Monitoring samples are introduced at 
each processing step, for reflection, lifetime, J0 and Rsheet control. 
  
Table I summarizes the main properties of the bulk, the p+ emitter, the front-surface-field and the back-
                                                 
* The ni value of  1e10 cm-3 was used to correct the data from King. 
 
Fig. 7 schema of the IBC cells  
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surface-field, for each run in chronological order. Table II presents the corresponding IV data for one of 
the best cells for each run. Fig 8 shows the changes in the reflection parameters for the different runs, 
while Fig. 9 compares their internal quantum efficiency.  
 
Table I Characteristics of the bulk and diffused areas for the different IBC runs, in chronological order 
Bulk Emitter FSF Back Surface Field (BSF) 
Run 
W WBulk Rsheet J0,em Rsheet Jo,FSF Rsheet Jo,BSF 
(Pm) (ms) (:/sq) (fA/cm2) (:/sq) (fA/cm2) (:/sq) (fA/cm2) 
1 180 3.0 80 8 50 100 34 175 
2 160 3.0 100 13 200 30 50 200 
3 170 5.5 93 28 787 6 45 65 
TABLE II. IV data for the different runs in chronological order 
Run  Voc (mV) jsc  (mA/cm2) FF (%) K (%) pFF  
1 667 36.7 81.3 19.9* 82.1 
2 689 39.8 80.2 22.0* 84.2 
3 696 41.6 80.4 23.3* 84.8 
*Cell measurements calibrated at the FhG ISE CalLab  
 
An analytical power loss model is used to calculate the total recombination current at the maximal 
power point (MPP) as the result for the main loss mechanisms for each run [7]. The results are presented 
on Fig. 10. The auger, radiative and edge recombination are combined into the bulk recombination. Light 
trapping and front-reflection losses are presented as optical losses. The data is weighted with the maximal 
current that could be achieved considering the optical absorption of silicon (43.8 mA/cm2). 
With further optimization of the oxidation process and the use of a cleaner solution for the texturing 
process [6], an increase of the bulk lifetime from 3 to 5.5 ms is observed, thus a reduction of the bulk 
losses from the 2nd to the 3rd run.  
The excellent voltages obtained with the final run of 696 mV are the result of the reduction of the 
recombination currents, but specially thanks to the optimization of the FSF with a J0 ~6 fA/cm2.  
Even though there is still room for optimization of the BSF, its impact on the total losses is reduced, 
considering that it only affects a limited area of the device.  
The variations observed in the emitter J0 are caused by the on-going stabilization of the doping 
process. In any case, both doping techniques evaluated during this work (diffusion from a CVD or BBr3 
source) allow excellent surface passivation and suitable Rsheet values for the devices.  
Fig. 8 shows that the minimum of the reflection from the 1st run shifted to 900 nm, instead of 630 nm 
as it is required for an optimal AR coating. This was caused by processing instability from the ZnS/MgF2 
deposition. In order to obtain a stable baseline, such processing issues are avoided by establishing an AR 
stack formed by a thin SiO2 and a SiNx layer. The difference in the reflection between the 2nd and the 3rd 
run is the result of an improvement in the SiNx thickness. The reflection loss at Maximum Power Point 
(MPP) is reduced by 0.74 mA/cm2 thanks to this effect.  
644   M. Aleman et al. /  Energy Procedia  27 ( 2012 )  638 – 645 
Considering the high short-circuit current of 
the final devices, the low doping and the excellent 
passivation of the FSF, the low response observed 
on the internal quantum efficiency in the short-
wavelength region, is most probably due to a 
front-reflection loss. It could be reduced by the 
application of inverted pyramids for the front-side 
texturing and the optimization of the ARC.  
With the improvement of the doping and 
passivation processes, and excellent control over 
the manufacturing tools, an increase in the 
conversion efficiency from ~20% up to 23% could 
be achieved.  Fig. 10 shows that the optics of the 
device (including light trapping and front  
reflection) represent the highest source for 
current loss at MPP.  
The use of a sputtered 1% AlSi layer for the rear metallization combined with the oxide passivation on 
the rear, results in a back-side reflectivity between 95 and 97%. Using Rand and Basore’s model the 
optical absorption thickness is calculated [8]. An improvement of this value from 4.7 (Run 1) to 5.7 mm 
(Run 3) is observed. 
Conclusions 
A baseline for the manufacturing of IBC cells yielding over 23% conversion efficiency has been 
established, thanks to the optimization of single process steps and the constant process monitoring. This 
line will be used as a starting point for the evaluation of alternative manufacturing technologies, and the 
up-scaling of the existing process. The calibrated IV data for one of the cells from the last run are: 
696 mV, 41.6 mA/cm2, FF= 80.4% and an efficiency of 23.3%. 
Saturation current densities as low as 6 fA/cm2 have been demonstrated through a SiO2 passivation on 
wafers with a FSF doping (Rsheet > 600 :/sq).  
Two different boron doping processes were tested for the emitter diffusion: One using a boron doped 
CVD oxide as a source and the other using BBr3 as a diffusion source. Both delivered excellent J0 values 
(~10 fA/cm2). Either process can be easily integrated into the high-efficiency IBC baseline.  
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Fig. 9. IQE curves of different runs in chronological order after 
several optimization steps  
 
Fig. 10 Total recombination current for each integration run, 
showing the main loss source. The values have been calculated 
at MPP, using an analytical model. The current is weigthed with 
the max value corresponding to the absorption of silicon [7] 
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Even though the doping process for the BSF formation has not been fully optimized at the moment, the 
power loss analysis shows that it has a lower impact on the total power loss. 
Thanks to the constant process monitoring, an evaluation of the power loss mechanisms has been 
performed. Understanding the source of the current loss contributed in the successful optimization of the 
IBC cells by focusing on the improvement of the corresponding manufacturing step. In the future, the 
focus should be oriented towards the reduction of the optical losses.  
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